The properties of binary mixtures of dimethylsulfoxide and glycerol, measured by several techniques, are reported. Special attention is given to those properties contributing or affecting chemical reactions. In this respect the investigated mixture behaves as a relatively simple solvent and it is especially well suited for studies on the influence of viscosity in chemical reactivity. This is due to the relative invariance of the dielectric properties of the mixture. However, special caution must be taken with specific solvation, as the hydrogen-bonding properties of the solvent changes with the molar fraction of glycerol.
Introduction
Most of the theories describing chemical reactions and dynamics in liquid solutions are expressed in terms of macroscopic properties of the system. 1,2 This is because they often derive from or are related to continuous descriptions of liquids. Reaction-diffusion problems, 3 solvation dynamics, 4,5 vibrational relaxation of highly excited molecular states, 6,7 isomerization reactions, 8, 9 electron transfer, 10-12 proton transfer, 13 or energy transfer, 14 are thus correlated to solvent parameters like viscosity, dielectric constant, density or refractive index. Therefore, it is often desirable to vary one of them keeping the others constant fulfilling the ceteris paribus condition. 15 Simultaneously, it is also necessary to know if the system under study, the probe molecule or the reactants, are prone to build H-bonds with the solvent or are inert to them. The difficulty arises because most of the homologous series of solvents change several of their properties on increasing the chain length. 16 For example, in linear alcohols or nitriles the dielectric constant decreases at the same time that the viscosity increases.
Moreover, in the study of diffusion influenced reactions, the key control parameter is the viscosity and there are no solvent families that offer a wider range of this property than alcohols. If the reaction of interest is electron transfer, the Marcus solvent reorganization energy is proportional to the Pekar factor, a function of the refractive index and the dielectric constant; 17 thus changing viscosity to determine the influence of diffusion in electron transfer reactions requires keeping this factor constant. The use of alcohols having the advantage of providing with a wide range of viscosities introduces changes in the other parameters.
Another possibility is to change either temperature or pressure, 18 but all the solvent properties, as well as the intrinsic reaction rate, are sensitive in larger or lesser degree to them.
The only remaining solution in this case is to use solvent mixtures. 19 A wise selection of the binary components may provide with the control of one of the four important parameters mentioned above. However, there are also problems associated with those mixtures. First, if the dielectric constants of the components are too disparate, the solvation shell around the solutes can be enriched with one of them. 20, 21 Second, if the H-bonding properties of the components are different and the solute is sensitive to them, the solvation properties may change dramatically too. Finally, micro-environments may show up in some of these mixtures that can significantly affect the diffusion of the reactants.
22,23
One of the most successfully used mixtures to study diffusion-assisted reactions consists of dimethylsulfoxide (DMSO) and glycerol (GLY). It has been employed in the study of fluorescence quenching reactions by electron transfer, as well as in the recombination of the products. [24] [25] [26] [27] [28] [29] [30] [31] It has served to test and articulate the encounter theories that have demonstrated to be very accurate in the quantitative description of bimolecular reactions. Recently, it was employed in the comparison with room temperature ionic liquids to clarify the role of diffusion, leading to the conclusion that nothing peculiar is to be found in the latter case, at least with respect to photo-induced bimolecular electron transfer. 30 In regard to dielectric constants, refractive index, densities and molecular sizes, the two solvents are very similar (cf. Table 1 ). Only viscosity differs greatly, as well as the H-bonding donation ability, in terms of the Kamlet-Taft (KT) empirical parameters (α, β, π * ). 32 It is the aim of this communication, not only to summarize these macroscopic properties, but also to shine light on the solvation properties at the molecular scale.
Two research groups have recently reported on the solvation properties of DMSO-GLY find-ing the presence of micro-heterogeneities. [33] [34] [35] In ref. 33 If micro-environments are present in these mixtures, as suggested by these works, [33] [34] [35] they are expected to be relevant to molecular diffusion, either translational or rotational, which should manifest in distinct fluorescence anisotropy or time resolved diffusion dynamics. On the other side, none of the previous studies dealing with bimolecular reactions in these mixtures has revealed such a peculiar behavior. The results of the measurements of both, bulk and microscopic, properties of this mixture, obtained from multiple experimental techniques, do not require invoking the presence of micro-environments, in order to be rationalized. We will discuss and compare the previous reports in view of the current findings.
Materials and Methods

Materials
Dimethylsulfoxide (Alfa Aesar, 99.9+%) and glycerol (Alfa Aesar, ultrapure HPLC grade)
were used as received and stored water-free under argon. DMSO-d6 (Cambridge Isotope Labs, D, 99.9%) was used as received. Coumarin 151 (Exciton), 152A (Exciton), 153 (Radiant Dyes) and 500 (Exciton) were used as received and Auramine O was recrystallized twice from ethanol. A sketch of the chemical structures can be found in the supporting information. Table 1 : Solvent properties of the pure solvents at 20 ρ, η, and n D are the density, dynamic viscosity, dielectric constant and refractive index of the solvent at 20
• C (the η value for glycerol was taken from ref. 36 ). µ, V and S are the dipole moment, van der Waals volume and surface, respectively (see ref. 16). f (x) is the relevant contribution from the dielectric constant, and refractive index, n D , to the Onsager reaction field, and is defined as f (x) = (x − 1)/(2x + 1).
37 α, β and π * are the solvatochromic parameters for specific and unspecific solute-solvent interactions according to the Kamlet-Taft scale (see ref. 38 ; note that we have recalculated the π * value of glycerol using the equation given in this reference using the dipole moment given in reference 16).
Experimental Methods
Kinematic viscosities, ν, of DMSO and of the binary mixtures were measured at 20.0±0.1
• C using an Ubbelohde viscometer (0C, IC and IIC viscometers from Schott Geräte). The densities were determined at the same temperature using 50 mL pycnometers with 0.1 mL error. Dielectric constants, , of the pure solvents and binary mixtures were measured at 20.0±0.2
• C using a home-built LC circuit operating at approximately 400 kHz. The apparatus was calibrated using a series of organic solvents and the calibration curve deviates only slightly from the Thompson equation for the ideal circuit. 39 Refractive indices, n 20 D , were measured at 20±0.2 • C using an Abbe refractometer from Atago (model 1T).
Absorption spectra were recorded on a Cary 50 spectrometer at room temperature (22±2
while steady-state emission spectra were recorded on a FluoroMax-4 (Jobin Yvon) at 20±0.2 • C and corrected using a set of secondary emissive standards. 
Analysis Methods
The KT parameters of the solvent mixtures were obtained by analyzing the absorption spectra of 4 coumarins with known KT parameters (cf. Table 2 ) by performing a multilinear regression analysis for each solvent mixture.
is the wavenumber of the maximum of the absorption spectrum of solute i in solvent j in the transition dipole moment representation, 50 obtained by fitting a lognorm function to the experimental data. In order to keep the experimental scatter as low as possible, ν exp ij as a function of the mole fraction of glycerol, x GLY , was fitted with 2 nd -order polynomials, which were further used as inputs in eq. (1) (cf. SI for the polynomial fits). The ultrafast rotational dynamics of C153 were recorded with the single wavelength upconversion set-up between 520-540 nm by changing the polarization of the pump beam using a halfwave-plate. Parallel, I || (t), and perpendicular signals, I ⊥ (t), were collected in successive measurements and had a maximal intensity of approx. 20-30'000 cts (cf. SI for exemplary time-traces). Rotational dynamics of C153 in the nanosecond range were recorded using TCSPC by exciting with parallel polarized light and measuring successively I || (t) and I ⊥ (t) (up to 30'000 cts in the maximum) by turning the analyzer in the emission path. Since all rotational times were significantly longer than the instrument response functions (IRF), the anisotropy dynamics, r(t), was calculated and fitted with biexponential decays without accounting for convolution with the IRF.
The quality of the fits was judged from the resulting reduced χ 2 r .
53
The dynamic solvent response was analyzed by monitoring the peak position, ν p (t), of a lognorm fit (see ref. 4 for the definition of the parameters) to the time-dependent spectra at each time-step (cf. SI for exemplary broadband spectra and frequency shifts on the 3 used set-ups), as follows
The translational diffusion coefficients from pulsed field gradient (PFG) NMR experiments were obtained by fitting
to the signal intensities, I, obtaining the initial intensity, I(0), and the diffusion coefficient, D in m 2 /s, and using γ = 4.258 · 10 3 Hz /G.
Results and Discussion
Macroscopic Solvent Parameters
As is common for mixtures of organic solvents none of the macroscopic properties here under study show a linear dependence with the molar fraction. The dependence of the density, refractive index and dielectric constant of the solvent mixtures on the mole fraction of glycerol, x GLY was evaluated using a Kister-Redlich type equation (eq. (6)), 54 while the solvent viscosity was described using the equation of Nissan-Grunberg (eq. (7)):
Here y m denotes the property of interest of the solvent mixture, x i is the molar fraction of component i (i = 1 is used for glycerol in eq. (6)) and a i are coefficients given in Table 3 . Table 3 : Fitting parameters for the macroscopic solvent properties of the solvent mixture at 20
Kister-Redlich eq. (6 presence of microphase segregation. 22, 23, 56 It is possible that in our measurements this effect is absent due to the strong basicity of DMSO, as stated by El Seoud in his analysis of solvation in DMSO/water mixtures.
57
Refractive Index & Dielectric Constant
The refractive indices of the mixtures vary smoothly by less than 0.006 showing a maximum at x GLY ≈ 0.2 (cf. Fig. 2 ). On the other hand, the dependence of the static dielectric constant with the molar fraction of glycerol shows a clear maximum with a value of 52 at roughly
This maximum is 6 units larger than the value of the more polar of the two constituents, i. e. DMSO (cf. Fig. 2 ). This kind of deviation from the linear behavior in the dielectric constant is usually attributed to an increase in the number of dipoles in the liquid with respect to the pure solvents. For reasons, hitherto unknown, our measurements are at odds with those presented in ref. 58 , where no excess dielectric constant could be observed. A maximum of the static dielectric constant can be interpreted as appearing at the mixture composition at which the number of highly polar heterodimers in the solvent is largest. 58 However, as pointed out by Kaatze et al. 59 these data are in principle not enough to extract this kind of conclusion as the orientational correlation between dipoles, composed of at least three contributions in binary mixtures, may also change with solvent composition.
It is in any case to be considered that the hydrogen-bonding of GLY is strongly perturbed with increasing DMSO content. This is especially important in the case of a solvent such as DMSO, which exhibits a high H-bonding accepting ability. However, we emphasize that from 
Viscosity
As can be seen in Fig. 3 the viscosity is the sole quantity of those reported so far that changes greatly with solvent composition. However, no extrema are found in the entire range of molar fractions studied, as the change is monotonous. In combination with the quasi-invariance of the dielectric properties of the mixture, DMSO/GLY mixtures seem at this point an ideal system for studies requiring only variations of the viscosity. It is obvious, however, that some other properties change as the H-bonding properties of the components are significantly different (see Table 1 ).
Figure 3: Viscosity of the binary DMSO/GLY mixture at 20
• C as a function of the mole fraction of GLY. The black line shows the fit of the Nissan-Grunberg equation (eq. (7)) with the parameters from Table 3 , while the grey line shows ideal behaviour.
Kamlet-Taft Parameters
The Kamlet-Taft parameters belong to an empirical scale based on the assumption of a linear energy response of different solvation processes. 32 It splits the response of an observable, like the position of the electronic absorption band of a fluorophore, to the process of solvation into three major contributions from interactions with the solvent: the ability of the solvent to donate H in H-bonds with the solute, α, to accept them, β, and the polarity/polarizability of the solvent, π * . Thus, it allows for the study of solvation when specific solvation effects due to H-bonding are important, and reveals through solute-dependent sensitivity coefficient, a, b and s, which portion of the relaxation is due to each of the processes in absolute energy terms. This is not the sole existing scale of this kind, as for example the one due to Catalán and co-workers is also extensively and successfully used throughout the literature.
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The absorption spectra of the coumarins used to obtain the KT parameters of the mixture are shown in the SI. The shape of the spectra does not change with the glycerol content, which provides consistency to the analysis method used. We have chosen to extract the KT parameters solely from the absorption spectra since it is not guaranteed that at the largest viscosities used here the stationary emission spectra completely originate from the relaxed excited state. This is especially the case for the two coumarins with short lifetimes, i. e.
C152 and C152A.
The variation of the three KT parameters is plotted in Fig. 4 . As expected, the largest change is observed for α while the smallest change is observed for π * , which can be related to the relatively small change in dielectric constant as described above. In this case again a very mild maximum is observed around x GLY = 0.3 although much less pronounced than for the dielectric constant. This is perfectly congruent as the changes in π * monitor rather
, where f (x) = (x − 1)/(2x + 1), than directly the dielectric constant. Therefore, both the macroscopic dielectric constant measurements and the molecular probe, via the KT parameters, report similar trends. β, drops monotonically upon going from DMSO to GLY.
Dynamic Properties Solvation Dynamics
Further details about the solvation of dyes can be obtained from the dynamic measurement of fluorescence. According to the works of Maroncelli and co-workers, the solvation dynamics of C153 is insensitive to the H-bonding ability of the medium. 4 The total dynamic Stokes shift of C153 in various mixtures of DMSO/GLY can be seen in Table 1 .
evolution of the peak shift correlates well with the viscosity of the medium, as can be seen from the average relaxation-times listed in Table 4 . The behaviour within the first 0.5 ps is almost identical in all solvents in terms of absolute shift and rate (compare Fig. 5 and Tab. 4) . We decided to analyze ν p (t) for times longer than 0.5 ps, as the dynamics at shorter times can not be described by exponential or Gaussian decays, partly due to the limited time-resolution of the set-up.
1
The shortest of the fitted components are only slightly sensitive to the viscosity (with the shortest, non-fitted, decay component being almost viscosity independent) while the longest vary significantly. The time-dependent spectral lineshapes, on the other hand, do not show any appreciable dependence on solvent composition (cf. Fig. 5 ). In particular, the lineshape becomes increasingly asymmetric at longer times with the linewidth concomitantly decreasing.
Another difference to be considered is the final peak position, ν(∞): if solvent relaxation were purely due to dipolar effects (and thus describable by continuum models), the energy of the final state should be the same at all values of x GLY . Nonetheless, we find, that the larger the GLY-content the smaller this value, or in other words, the larger is the total solvent relaxation, ∆ν total experienced by the probe in the excited state. In view of our findings concerning the KT parameters, this could be attributed to the change in the H-bonding ability. Not having any acidic group, C153 will mostly sense α, mainly through the keto group. It is therefore possible that H-bonding with GLY relaxes the excited state of C153
additionally. This is congruent with the findings that the emission maxima of C153 in protic solvents are slightly red-shifted with respect to those in aprotic solvents. 4 Ideally, in order to test this hypothesis one should make use of a dye with considerable change of dipole moment upon excitation to the first singlet state, but without any sensitivity to H-bonding.
Unfortunately we could not find such a dye, as in order to fulfill the first of the conditions donor and acceptor groups are used that always present some sensitivity to specific solvation. (4)) and some related quantities.
x GLY η ν p (t|t > 0.5ps) ν(0) ∆ν fast ∆ν total τ t>0.5ps ν(0) is the peak position at time 0. ∆ν fast = ν(0) − (ν(∞) + i ∆ν i ), denoting the shift due to ultrafast, not analyzed, components. ∆ν total = ν(0) − ν(∞) is the total shift of the peak maximum. τ t>0.5ps = ( i ∆ν i τ i )/( i ∆ν i ), i. e. the mean lifetime without contributions from the first 0.5 ps. 1 kK = 1000 cm −1
Rotational Diffusion
Another way to probe the friction felt by molecular probes in liquid solution is to measure the rotational diffusion of either the entire molecule or of part of it. Auramine O, for example, has flexible moieties capable of undergoing large amplitude motions leading to efficient internal conversion and thus decreasing the fluorescence quantum yield. As the rotating groups are relatively bulky, the solvent viscosity strongly influences the yield of emission. Here, we make use of the systematic study 61 of this effect for water-GLY mixtures. 2 The relative fluorescence intensity change of Auramine O with increasing x GLY can be used to check whether the local friction exerted by both solvent mixtures (water/GLY and DMSO/GLY) matches the corresponding macroscopic viscosity measurements. Fig. 6 shows that this is the case. A more detailed study of microscopic friction can be performed recording the rotational dynamics of a solute, again C153, monitored via the decay of the fluorescence anisotropy.
The starting anisotropy, always larger than 0.36, shows no appreciable dependence on x GLY , as expected from the fact that the monitored S 0 ← S 1 transition does not change with solvent composition. The anisotropy decay in all solvent mixtures exhibits biphasic behavior.
Both associated relaxation times increase with the same slope in a double logarithmic plot with the viscosity, despite differing by more than one order of magnitude (cf. Fig. 7 , for the experimental decays, refer to the SI). 3 This indicates that rotational dynamics are rather 2 The last two curves of figure 2 in this article were used. The first one was not correctly printed: Hasegawa, private communication. 3 The reader is referred to e. g. reference 62 for an example with preferential solvation in binary mixtures insensitive to H-bonding, following the same trend as viscosity, as otherwise a discrepancy should be observed in the trends of these times. These present findings are in contrast to those obtained in refs. 34, 35 . The possible origin of this discrepancy will be discussed later on. The fact that the anisotropy decays bi-exponentially is connected to the non-sphericity of the probe. 63 Considering a disc-like molecular shape, at least two rotational diffusion coefficients are expected with the rotational times being a combination of them. However, common hydrodynamic models cannot explain this large difference in rotational times observed here. This phenomenon was observed in the past by other groups in single component solvents and several explanations were given. [64] [65] [66] [67] A detailed study of these coefficients is beyond the scope of this article as it requires a detailed analysis that would not support further the conclusions already extracted from the data. It is worth noting, that the rotational correlation times in the binary mixtures are congruent with those obtained for C153 in dipolar solvents. 65 The fact that in the former work only monophasic decays in aprotic solvents were observed, can be traced back to the larger experimental noise in these experiments compared to the present data.
Translational Diffusion
Finally, another important quantity of special relevance for diffusion influenced reactions is the translational diffusion coefficient, D. A relatively straightforward way to test for the trends of this quantity with x GLY is by measuring the self-diffusion coefficients of the solvent components by pulsed field gradient NMR. This technique is not only commonly used for this task, 68,69 but also routinely used to assess micro-environments. [70] [71] [72] [73] Our measurements have been performed both for d6-DMSO and GLY. As can be seen in 
Comparison to Previous Results
Several recent works have reported on the presence of micro-heterogeneities in DMSO/GLY mixtures. 
Conclusions
The combination of DMSO and GLY represents an interesting binary solvent mixture for studying changes associated to viscosity in both intra-and intermolecular chemical reactions, as it is the observed property exhibiting the most pronounced change upon changing the molar fraction. The mixture's dielectric properties remain almost constant, especially in terms of the Onsager function. This renders the mixture especially interesting with respect to electron transfer reactions, or, in general, processes controlled by the dielectric relaxation properties of the medium. However two cautions need to be taken: H-bonding properties of the mixture also vary greatly, and the dielectric relaxation is rather complex. The former means that it is wiser to use reactants with no or little sensitivity to H-bonding, i. e. small a in the KT terms. The latter implies, that whenever the process is still controlled at long times by dielectric relaxation, the composition of the mixture will change these times as well as viscosity. On the other hand, processes, which are fast enough to sense only the first, and most relevant, part of the relaxation of the dielectric, as is commonly thought to be the case for electron transfer reactions, 87,88 will experience solvent relaxation times that are almost invariant with the composition.
According to recent molecular dynamics simulations additional caution has to be taken when the solutes are smaller than the solvent molecules, such as methane. 89 As in the present measurements this case has not been addressed, with the investigated solute molecules being significantly larger, we did not detect these deviations. This is in line with the conclusions reached by Araque et al. in reference 89.
From the former conclusions it is now well understood why these mixtures have been useful in the study of the diffusion-influence in photo-induced electron transfer in the past. [24] [25] [26] [27] [28] [29] [30] [31] In these papers, a reaction-diffusion model 3 in combination with Marcus theory 17 for electron transfer was able to explain the experimental observations quantitatively. show up in bulk measurements of the fluorescence lifetime of the corresponding fluorophores as multiphasic fluorescence decays. Table 7 The data were thinned out by a factor of 5 for better visualization. The weighted residuals correspond to the best fits using the parameters given in Table 7 . The grey area denotes the instrument response function. The data were thinned out by a factor of 3 for better visualization. The weighted residuals correspond to the best fits using the parameters given in Table 7 . The grey area denotes the instrument response function.
Appendix -Fluorescence Anisotropy
Figure 17: Fluorescence up-conversion traces of C153 in a DMSO/GLY mixture with x GLY = 0.12, upon excitation at 405 nm and detection at 540 nm under parallel (I par ) and perpendicular (I perp ) excitation polarization. The resulting anisotropy is also shown, together with a fit to the data for times longer than 2 ps and the ensuing weighted residuals for a single exponential or bi-exponential fit. Figure 19 : Selected broadband fluorescence spectra of C153 in DMSO at 0.3 (blue), 0.8 (green), 5 (orange) and 100 ps (red) on the broadband fluorescence set-ups in A) Warsaw, B) Berlin and C) Geneva. Note, that no photometric correction has been applied to the data in A) and B) and that the 2 short and 2 long times in B) have been recorded with different crystal thicknesses (leading to a small spectral displacement by approx. 0.2 kK due to different photometric correction curves). The data in C) have been photometrically corrected using a set of fluorophores, the corrected spectra of which have been recorded on a FluoroMax-4, which itself has been calibrated using a set of secondary emissive standards. 
Appendix -Comparison of Broadband Fluorescence Data
